Abstract. Electroactive random copolymers of 3,4-Propylenedioxythiophene (ProDOT) and N-Phenylsulfonyl Pyrrole (PSP) were electrochemically synthesized on single carbon fiber microelectrode (SCFME) by cyclic voltammetry (CV). Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) measurements indicate the inclusion of PSP into the copolymer structure. The influence of feed ratios on the copolymers was studied by CV and electrochemical impedance spectroscopy (EIS) and equivalent circuit modelling (ECM). The morphologies and film thicknesses of copolymers were characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The results have shown that the principal changes in morphology, conductivity, porous nature and thickness of Poly(ProDOT-co-PSP) film depend on the concentration of PSP. The strong electron-withdrawing sulfonyl group substitution on PSP significantly inhibited electrochemical copolymerization. Semicircular characteristics at Nyquist plots reflected an increasing trend with the increase of PSP concentration in the feed at high frequency. The semicircular characteristic of the copolymer film is useful for the bioelectrochemical sensor applications.
Introduction
Conductive polymers have been electrochemically preferred because of their physical or chemical properties such as volume, color, stored charge or porosity and used for a number of applications such as electrochromic displays [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , smart windows [12] , solar cells [13] [14] , supercapacitors [15] [16] and biosensors [17] [18] . 3,4-alkylenedioxythiophene based polymers exhibit low oxidation potential, high and quite stable conductivities, a high degree of optical transparency as a conductor, and the ability to be rapidly switched between conducting doped and insulating neutral states. Substitution at the 3-and 4-positions of thiophene prevents the occurrence of !-" and "-" coupling during electropolymerization, yielding more ordered polymers with longer conjugation lengths. The synthesis of 3,4-disubstituted polythiophenes was carried out stabilizing the oxidized form, providing solubility, processability [19] . Poly(ProDOT) was synthesized by the traditional double-Williamson etherification route, having #!%T of 66% at ! max compared to the 54% transmittance change for PEDOT [20] . ProDOT exhibited higher contrast in comparison to conjugated polymers from EDOT [1] . Side-chain derivatization is possible due to ProDOT flexibility of the conjugated backbone structure. The dimethyl and diethyl derivatives especially exhibit enhanced electrochromic contrasts throughout the visible region [21] and high capacitive behaviors [15] [16] . A series of Poly(ProDOTs) are disubstituted with long chain esters. This functionality enhances solubility in polar solvents [22] . Electropolymerization of hydroxymethyl-substituted 3, 4-Propylene dioxythiophene monomer (ProDOT-OH) was easily performed [23] . Multiwalled carbon nanotubes (MWNTs) were functionalized with Poly(ProDOT) by oxidative polymerization and MWNT-g-PProDOT hybrid was prepared and showed that improved thermal stability [24] . Films of conjugated polymers are generally synthesized onto a support electrode surface by electropolymerization (anodic oxidation) of the corresponding monomer in the presence of an electrolyte solution. Carbon fibers have highly accessible surface area, low resistivity and high stability which consist of stacked hexagonal carbon layers, forming small coherent units (crystallites) of only a few micrometers in the stacking direction [25] . Electropolymerization on carbon fiber microelectrode (CFME) can improve the interfacial properties between the carbon fiber and polymeric matrix. Generally electrocoating of conjugated polymers on carbon fiber easily allows the characterization of the deposited films by spectroscopic, morphological and electrochemical techniques. Conducting polymers which were coated electrochemically onto CFMEs were studied in detail and reported by Sarac and coworkers [16, [26] [27] [28] [29] [30] [31] [32] [33] . Electrochemical impedance spectroscopy (EIS) is a powerful technique to study charge transfer, ion diffusion and capacitance of conducting polymer modified electrodes [34] [35] [36] [37] [38] [39] . EIS has been used to develop equivalent electric circuits to describe the electrochemical properties of films of conducting polymers in organic solution [40] [41] . EIS has also provided information concerning corrosion protection by inhibitors [42] [43] [44] [45] [46] [47] . The chemical synthesis through two different methods of N-phenylsulfonyl pyrrole (PSP) was reported and used as a gas sensitive resistor [48] . N-phenyl sulfonyl-1H-pyrrole-3-sulfonyl chloride was synthesized by using chromosulphonic acid in acetonitrile [49] . The copolymers from different monomers or comonomers have been synthesized by both electrochemical and chemical oxidative polymerizations to efficiently modify the structure and to improve the properties of the conducting polymers [50] [51] [52] [53] [54] [55] . The electrochemical polymerization allows obtaining materials with controlled properties without suffering the experimental disadvantages [56] . In this paper, we report the electrochemical random copolymerization of ProDOT and PSP onto different working electrodes. The electrochemical and morphological properties of Poly(ProDOT) and copolymer films were characterized by FTIR-ATR, EIS, SEM and AFM. The electrochemical impedance data was fitted to an equivalent circuit in order to identify differences between the conductivities of Poly(ProDOT) and copolymers. Briefly, the effect of PSP mole fractions on the electrochemical and morphologic properties of resulting copolymers using alternative characterization techniques was shown with this paper.
Experimental details 2.1. Chemicals and materials
SGL SIGRAFIL C 320B (SGL Carbon Group, Meitingen, Germany; a high strength and high modulus of elasticity coupled with high electrical conductivity carbon fibers) containing single filament in a roving were used as a working electrode. ProDOT and PSP were purchased from SigmaAldrich (Germany) and used as received. Electrochemical polymerizations (electrocoatings) were performed in acetonitrile (ACN, Merck, Darmstadt, Germany) containing NaClO 4 (Sigma-Aldrich, Germany) at the same scan rate (30 mV/s) and deposition cycle numbers (10 cycles) (applied charges).
Characterization
Electrochemical measurements (EIS with supplied Power Sine software package and Cyclic Voltammograms) were performed with a Princeton Applied Research (PAR) Parstat 2263 potentiostat (Oak Ridge, USA). The potentiostat is a self-contained unit that combines potentiostatic circuitry with phasesensitive detection. The impedance measurements were carried out by scanning in the frequency range 10 mHz-100 kHz with applied AC signal amplitude of 10 mV using Power Sine. The impedance spectrum was analyzed using AC impedance data analysis software (ZSimpWin V3.10, Michigan, USA). For spectroscopic measurements, Poly(ProDOT-co-PSP) copolymers were synthesized onto ITO-PET (NV Innovative Sputtering Technology, Zulte, Belgium, PET 175 $m,Coating ITO-60) in the potential range from -0.8 to 1.5 V at a scan rate of 50 mV/s in 0.1M NaClO 4 /ACN. Polymer films on ITO-PET were analysed using an ATR-FTIR reflectance spectrometer (Perkin Elmer, Spectrum One, California, USA; having a universal ATR attachment with a diamond and ZnSe crystal C70951). Perkin Elmer Spectrum software was used to carry out FTIR-ATR measurements between 650-4000 cm -1 . Thin films of copolymers, electrocoated onto carbon fibers were analyzed by scanning electron microscopy on a Nanoeye Desktop Mini-SEM (SEC. Co., Ltd.; South Korea) The increase in the average values of film thicknesses was obtained via SEM images taking into account the diameter of the uncoated fiber. The diameters for the fibers were calculated from an average of 5-6 measurements on individual fibers. Thin film of copolymer, electrocoated onto silicon wafer (n-doped, Cz type; Wacker Siltronic AG., München, Germany) was analyzed by atomic force microscopy (AFM) using a Nanosurf Easyscan 2 AFM (Nanoscience Instruments, Liestal ,Switzerland) instrument with a 10 $m AFM head.
Preparation of Single Carbon Fiber
Microelectrodes (SCFMEs) A three-electrode system was used employing SCFME which was prepared by using a single carbon fiber (diameter ~7 $m) that was rolled to a copper wire and fixed with a Teflon tape and inserted into a glass capillary (diameter ~4.45 mm) as working electrode. The single carbon fiber and copper wire were attached and connected to the potentiostat. ~1 cm of SCFME was dipped into the electrolyte solution to keep the electrode area costant (~2·10 -3 cm 2 ). Button electrodes were prepared by using Ag and Pt wires in glass capillary (~4.45 mm diameter) filled with MMA and polymerized by UV light, which was inert against the electrolyte solution. The reference and counter electrode surface areas were kept constant (~0.47 mm 2 ) during the experiments. The potential shift to the positive direction with an increase of PSP concentration in the feed indicates that the monomer ratio affects the copolymer composition and its electrochemical properties. The obvious peak potential shift provided information about the increase in the electrical resistance in the copolymer film. As shown at multisweep cyclic voltammograms of ProDOT (10 mM) in the presence of PSP (5; 10; 20 mM); the intensity of the current peaks increased with increase in the number of potential cycles indicating a continuous growth of electroactive copolymer on the electrode (Figure 1a, c) . For repeated cycling the cathodic peak current decreases and the anodic one increases until a steadystate pattern. Also the current during the first cycle was quite different from that in the second cycle. After 5 cycles the system has settled down. Results obtained from multiple cycling showed that the first five cycles of the voltammogram were usually in unstable stage (Figure 1a-c) . After five cycles, steady state condition (6 th cycle) was achieved. Oxidation potentials (E ONSET ) of CP1 and CP2 were obtained as 1.139 and 1.127 V higher than oxidation potential of CP3 (1.19 V) during the electrogrowth process. This is due to increased PSP concentration in feed ratio. The strong electronwithdrawing sulfonyl group in PSP can be stabilized by using the radical cation intermediates to diffuse away from the electrode and thus inhibiting electropolymerization ( Table 1 ). The peak current decreased in direct proportion with decrease of oxidation potential (Figure 2 ).
Results and discussions
The anodic and cathodic peak current increased with increase in scan rate. Figure 3a and b show that the anodic and cathodic redox reaction for the copolymers formed in 0.1M NaCIO 4 /ACN appear to be diffusion-controlled, as proved by the linearity of the plot and are extremely reversible even at high scan rates.
Ex-situ FTIR-ATR measurements of
Poly(ProDOT-co-PSP) and Poly(ProDOT) For spectroscopic characterization of Poly(ProDOTco-PSP) films, the same mole fractions of the copolymers were also prepared by cyclic voltammetry on ITO-PET with the same conditions of random Poly (ProDOT-co-PSP) films formation on SCFME (Figure 4) . Inclusion of PSP into the electrocopolymerized thin film, and doping with the respective anion of the supporting electrolyte were followed by FTIR-ATR (Figure 5 ). This technique allows us to assign corresponding functional groups in the resulting copolymer. The band at 1466-1471 cm -1 (stretching of C=C bond) and the peak at 1276-1279 cm -1 (the stretching quinoidal structure of thiophene) are known to be characteristic vibrational peaks of polythiophene. Vibrations at 1151-1156 cm -1 are assigned to stretching in the alkylenedioxy group (C-O-C bond). The band at 1015-1018 cm -1 (C-N stretching) originated from the N-substitued pyrrole of PSP. Sulfonyl stretching at 1072-1075 cm -1 , aromatic C-H bending (815-820 cm -1 ) and aromatic C-H stretching (3008-3064 cm -1 ) become distinct when PSP ratio is increased in the copolymer. Further vibrations from the C-S bond, in the thiophene ring, can be seen at 872-879 cm -1 , attributed to C-S stretching. All assignments were denoted in Table 2 .
Morphological analysis of
Poly(ProDOT-co-PSP) films The morphologies of copolymer coatings onto SCMFEs were investigated by SEM ( Figure 6 ). By [57] . The observed differences at film thicknesses were obtained due to an increase of PSP in the feed (Table 1 ).
This thickness difference helps us to follow the incorporation of PSP into the copolymer structure. The difference in the capacitance is also due to change of film thickness and fiber morphology in the course of their modification. A continuous increase in current with successive scans is observed, Figure 6 . SEM images of CP1 (a), CP2 (b) and CP3 (c) electrocoated onto SCMFE in 0.1M NaClO 4 /ACN after 10 cycles indicating an increase in the thickness, and also in the conductivity of the polymeric film formed on the electrode surface, which is followed by CV measurements [58] . The monomer mixture of ProDOT (10 mM) and PSP (5 mM) was copolymerized at constant potential (1.0 V) by chronoamperometry onto silicon wafer for AFM analysis. The images were obtained at none-contact mode AFM (Figure 7 ). Root mean square (RMS), roughness value was calculated via Nanosurf Easyscan 2 software program by selecting raw data (RMS: 65.8 nm). The SEM image was also obtained for modified silicon wafer (Figure 8 ). These spherical-shape aggregates were obtained by the growth of much smaller nanoscale aggregates dependent on the polymerization charge.
Electrochemical Impedance Spectroscopy
The electrical properties of Poly(ProDOT) and copolymers on SCFMEs were determined by electrochemical impedance measurements in monomer free solution. The Nyquist, Bode Magnitude and Bode Phase plots of thin films were given in the frequency range 0.01 Hz-100 kHz (Figure 9a-c) . The copolymers are also exhibiting different impedance data from that of Poly(ProDOT) which shown an ideal capacitive line (Bode phase angles close to 90°) by the application of electrochemical impedance spectroscopic measurements, indicating fast charge transfer at the carbon fiber/polymer and polymer/solution interfaces, as well as fast charge transport in the polymer bulk. Bode-phase angles which approached the maximum at 0.01 Hz were 6 6.99° for CP1, ~51.18° for CP2 and ~43.28° for CP3, respectively, (Figure 9c ). That indicates the presence of PSP in copolymer structure. The Bodephase peaks of the copolymers in the frequency range of 10 Hz-10 000 Hz appeared which should be caused by the transition from resistor to capacitor with the increase of PSP ratio. The Bode magnitude plots for copolymers were presented in Fig-Figure 8 . SEM image of the silicon wafer electrode surface after modification with the CP1 Figure 9 . (a) Nyquist (b) Bode magnitude (c) Bode phase plots of of different mole fractions of Poly (ProDOT-co-PSP) electrografted on SCFMEs; correlated with the calculated data from the equivalent circuit modelling; (R(W(CR)(QR))(CR)) ure 9b, CP1 had higher conductivity compared to CP2 and CP3. Nyquist plots were also used to estimate the low-frequency redox capacitance (C LF ) of the copolymer-modified SCFMEs. It can be evaluated from the equation C LF = -1/(2&·f·Z IM ), where Z IM is the obtained from the slope of a plot of the imaginary component of the impedance at low frequencies versus inverse of the reciprocal frequency f (f = 0.01 Hz) and other symbols have their usual meanings.
The C LF and film thickness of copolymers decreased which indicates the increase of PSP concentration in the feed. Total charges were obtained during electrogrowth process as 7.184, 5.489 and 3.305 mC ( Table 1 ). The increase of PSP concentration in the feed resulted the decrease in film thickness and growth rate of copolymer. This is confirmed by the cyclic voltammetry of mixture of monomers, the decrease found in the total charge, film thickness and C LF in the plot of it against PSP mole fraction of copolymer ( Figure 10 ). The Nyquist plots (complex plane plots) were semicircles and formed under ideal conditions for biosensing [59] . The diameter of the semi-circle increased with an increase of PSP in the feed that destroys the integrated aromatic system of thiophene. It corresponds to the charge transfer resistance which included in the equivalent circuit ( Figure 11 ) as the resistance of the modified electrode.
Electrical equivalent circuit
The EIS data were fitted with an equivalent electrical circuit in order to characterize the electrochemical properties of copolymer. The experimental results obtained from equivalent circuit have shown that both the double-layer and the film capacitances decreased with the increase of incorporated PSP ratio into copolymer structure, while the chargetransfer and the pore resistance increased.
The most widely used is the constant phase element (CPE), which has a non-integer power dependence on the frequency. CPE is used in a model in place of a capacitor C dl (double layer capacity) to compensate for roughness of the electrode, porosity and nonhomogeneity in the system. A rough or porous surface can cause a double-layer capacitance to appear as a CPE with a n value between 0.9 and 1 [60] . In this study, CPE was used as double layer capacitance due to a porous structure (n~1) ( Table 3 ).
The impedance spectra for copolymers may be described by the equivalent circuit of Figure 11 , (R(W(CR)(QR))(CR)). The model is composed of the electrolyte and pore resistance (R s ), the adsorption capacitance and resistance (C a and R a ), doublelayer capacitance and charge-transfer resistance (C dl and R ct ), Warburg impedance (W), resitance and capacitance of the copolymer film onto SCMFE (R f and C f ). R a and C a connected with the charging/discharging process in the surface of the film. Both of these parameters improve the quality-of-fit of the frequency dispersion transition between the charge transfer semi-circle and the Warburg impedance or capacitance line. C dl and R ct formed by the inward penetration of ClO 4 -anion along pores at the electrolyte|copolymer interface. W is related to diffusion of species along the micropores and depends Figure 10 . Thicknesses of copolymer coated SCFMEs obtained from SEM, low frequency capacitances and total charges (%Q) which were applied during the electropolymerization, for different mole fractions of Poly(ProDOT-co-PSP) Figure 11 . The equivalent circuit model of Poly(ProDOT), CP1, CP2 and CP3 coating on a single carbon fiber electrode. (R s = solution and pore resistance and W = Warburg impedance, Z W ; R a and C a are the resistance and the adsorption capacitance; R ct = charge transfer resistance; CPE is used for modelling the double layer capacitance, C dl ; R f and C f are film resistance and film capacitance of coated copolymer film on carbon fiber microelectrode)
on the electrode geometry (spherical diffusion at microelectrode). At Nyquist plots of copolymers, appeared semi-circle in high frequency range was associated with anion transfer at the film|solution interface and can be described by the charge transfer resistance R ct , in series combination with a CPE. The increase in diameter of the circle, i.e., higher the charge transfer resistance (R ct ), is most useful for biosensing [59] . After the charge transfer semi-circle, straight line at the x-axis can be related to Warburg impedance, Z W , due to the diffusion of charged species in the film at low frequency. The copolymers have high electrolyte and pore resistivity (R s ), resulting from the decrease in pore size and film thickness, making it more difficult to maintain connectivity between the pores and causing the lowest interfacial area for charge transport. Film capacitance (C f ), double-layer capacitance (C dl ) and adsorption capacitance (C a ) were found to be inversely proportional to the concentration of PSP (Figure 12 ).
Conclusions
A new copolymer, obtained from ProDOT and PSP by the cyclic voltammetry, was successfully synthesized. The experimental results from CV and EIS and the theoretical results obtained from equivalent circuit combined with morphological characterization. FTIR-ATR characteristic peaks of PSP indicate the inclusion into copolymer. A decrease in peak currents and total charges of copolymer was observed as compared to homopolymer of Poly(ProDOT). The changing of the capacitance properties, film thickness and fiber morphology was found to be inversely proportional to the increasing PSP concentration in the feed. These information hints that sulfonyl group in PSP has very strong electronwithdrawing effect thus making it difficult to polymerize electrochemically. The capacitance properties of copolymers at lower frequency become smaller as compared to Poly(ProDOT), hence suggesting an increase in the sulfonyl content in the copolymer due to the addition of PSP, which in turn suggests more sulfonyl structure in the copolymer. The changing of the capacitance of the copolymer is reflected by the equivalent circuit model by the dependency of the mole fractions. The decreasing of the film thickness obtained from SEM and the decrease of capacitance values clearly indicates the inclusion of PSP into copolymer. The well-defined electrochemistry of Poly(ProDOT-co-PSP) films onto SCMFEs opens up the possibility for bioelectrochemical sensor electrodes. Figure 12 . Charge transfer (R ct ) and film (R f ) resistances; double layer (C dl ) and film (C f ) capacitances obtained by fitting experimental data to the equivalent circuit model for Poly(ProDOT), CP1, CP2 and CP3
